Abstract Slicing a 3D graphic model into layers of 2D contour plots is an essential step for all rapid prototyping (RP) machines. Various methods are available, such as stereo lithography (STL) file slicing, direct slicing and adaptive direct slicing. Amongst these, adaptive direct slicing is the most advanced for its capability of adapting the slicing thickness according to the curvature of any contour. In this study, an adaptive direct slicing method complete with the algorithm for calculating the thickness of each layer is proposed. As an illustration of the method, the algorithm was programmed within the commercial CAD software package, PowerSHAPE. The method was shown to be fast and accurate in comparison with STL file slicing and direct slicing, which both used a constant layer thickness.
Introduction
Rapid prototyping (RP), a non-conventional manufacturing process, has secured an important role in modern technology and is widely used in the manufacturing industry, owing to its speed, cost efficiency and high precision.
While there are currently many types of RP machines, they can be classified into three main categories according to the raw material used, i.e. liquid, solid or powder [1] [2] [3] . Stereo lithography apparatus (SLA) and solid ground curing (SGC) use laser or ultraviolet (UV) beams for curing liquid photopolymer layer by layer for forming a solid model. In fused deposition modelling (FDM), a model is built by spreading melted polymer or resin on top of hardened layers. Laminated object manufacturing (LOM) uses laser beams to produce paper cut-outs of the cross-section of a graphic model, which are then glued together to form the model. The latter two machines are classed as the type using solid raw materials. Selective laser sintering (SLS) uses laser beams to sinter metal, ceramic or polymer powder in layers to form a solid mass. Three-dimensional printing (3DP) uses an ink-jet to 'print' a solid object based on sliced 2D profiles by binding polymer powder. Both of these two machines use powder as the raw material. Other existing processes and machines include the Solid Creator System (SCS), Solid Object Ultraviolet Plotter (SOUP), STEREOS, KSC (Kira Solid Center), multi-jet modelling (MJM), Direct Shell Production Casting (DSPC) and Ballistic Particle Manufacturing (BPM), all of which use either liquid, solid or powder as raw materials.
Despite the numerous available machines for RP, the main production procedure is similar. Firstly, a graphic model is created using CAD software. The model is then sliced into thousands or millions of 2D cross-section contours, which are subsequently sent to an RP machine for actually constructing the solid model layer by layer. The technologies of RP can be divided into software and hardware. The former includes the slicing and interface techniques, while the latter focusses on the manufacturing method, such as laser, material and mechanism.
2 Software technology of RP
Interface between CAD and RP systems
As mentioned previously, the key process in RP is the slicing of a 3D graphic model into 2D contours. As such, the study of the interface and slicing method is an important issue in RP. The most common interface between CAD and the RP system is the stereo lithography (STL) file, which was developed in 1987 for converting 3D CAD as input to SLA machines [4, 5] . An STL file represents a part by approximating its surface as many small planar triangular facets, which significantly simplifies the slicing process, but introduces inevitable accuracy problems. Over the years, however, several new formats have been proposed. These include the Common Layer Interface (CLI), rapid prototyping interface (RPI), Initial Graphics Exchange Specification (IGES), Hewlett-Packard Graphic Language (HP-GL), computerized tomography (CT) and Layer Exchange ASCII Format (LEAF) [6].
Slicing method

STL files slicing
Various methods have been proposed for slicing CAD models as input to layer-based RP. The most popular method is translating a 3D model to the STL format for slicing the subject into 2D contours. There are, however, several limitations [7] [8] [9] . Firstly, STL files contain a high degree of redundancy from duplicate vertices and edges. Secondly, defects such as holes or cracks, non-manifolds, overlapping facets and incorrect normals are common in STL files. In addition, the STL format is not as informationrich compared to high-level representations, such as splines or NURBS surfaces, that present a model in a mathematically precise format. With the aim of improving the STL slicing method, an advanced approach in the form of direct slicing is proposed herein.
Direct slicing
Direct slicing uses the exact contour of a CAD model as the input data, which is, therefore, more accurate. It eliminates the limitations of STL and also avoids tessellation error and data repair associated with the use of an STL model. Jamieson and Hacker [10] developed an approach for the direct slicing of CAD models built within the Parasolid kernel, a kernel widely used in many CAD software packages, such as Solidworks, SolidEdge and Unigraphics. Guduri et al. [11] proposed a direct slicing method that provided accurate laser beam paths by slicing the constructive solid geometry (CSG) representation of a part. Vuyyuru et al. [12] directly sliced a solid model built by I-DEAS and segmented NURBS-based contour curves. Chen et al. [13] developed a package called AutoSection that automatically sliced a PowerSHAPE model directly into layers, each of which are saved in the PIC (picture) format. The PIC format is used only in Power Solution software. It is a 3D wire-frame model, i.e. curves may be interpolated to any degree of accuracy, but no surface data may be extracted. It may also be stored on disc and used as a means of transferring data to or from another program.
Adaptive slicing
While the aforementioned direct slicing method overcame the limitations of STL slicing, the slicing layers are of constant thickness, which is inefficient with a model having both varied curvature surfaces and vertical surfaces. This is because, for regions with varied curvature, thin slicing improves the surface quality, while for a vertical surface area, thick slicing is more time-efficient. One solution to this problem is the varying thickness slicing method, called adaptive slicing. Dolenc and Makela [14] worked with faceted surfaces, and used a cusp height δ as a criterion to adaptively slice STL files, as illustrated in Fig. 1 Fig. 1 Calculation of the thickness of each slicing layer using cusp height δ and ɛ
